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Abstract. An IC op amp design that reduces bias currents
below 100 pA over a —55°C to + 125°C temperature range
is discussed. Super-gain bipolar transistors with on-wafer
trimming are used, providing low offset voltage and drift.
The key to low bias current is the control of high tempera-
ture leakage currents along with the development of rea-
sonably accurate nanoampere current sources with low par-
asitic capacitance.

introduction

A bipolar replacement for the LM108 [1] drastically reduces
offset voltage, bias current and temperature drift. This de-
sign, the LM11, does not depend on new technology. In-
stead, the improvements result from a better understanding
of transistor behavior, new circuit techniques and the appli-
cation of proven offset trimming methods. Table | summa-
rizes the results obtained. The combination of low offset
voltage and low bias current is unique to IC op amps, while
the performance at elevated temperatures represents an
advance in the state of the art.

TABLE |I. Input error terms of the LM11 show an im-
provement over FET op amps even at room tempera-
ture. There is little degradation in performance from
—55°C to 125°C. Other important specifications are
somewhat better than LM108A.

—55°C < T;j
Tj = 25°C )
Parameter ! < +125°C | ynits
Typ | Max Max
Input Offset Voltage | 0.1 0.3 0.6 mV
Input Offset Current | 0.5 10 30 pA
Input Bias Current 25 50 150 pA
Offset Voltage Drift 1 3 uv/°C
Offset Current Drift 20 fA/°C
Bias Current Drift 0.5 0.5 pA/°C

junction FETs

At first glance, field effect transistors seem to be the ideal
input stage for an op amp, mainly because they have a low
gate current, independent of their operating current. Practi-
cally, they do provide an attractive combination of perform-
ance characteristics in a relatively simple design. But there
are serious shortcomings.

For one, FETs do not match as well as bipolar devices: the
offset voltage is at least an order of magnitude worse. Laser
trimming can compensate for this to some extent. But with
FETSs, low offset voltage does not guarantee low drift, as it
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does with bipolars. FETs are also sensitive to mechanical
strains and subject to offset shifts during assembly or with
temperature cycling.

Typically, long term stability is about 100 uV/year, although
this can go to 1 mV/year with no prior warning in early life.
This contrasts to a 10 uV/year long term stability for bipolar
pairs.

Lastly, although the input current of FETs is low at room
temperature, it doubles for every 10°C increase. This, cou-
pled with high offset voltage drift, makes FETs much less
attractive as operating temperature is increased.

MOS FETs

Field effect transistors, with a metal gate and oxide insula-
tion, give the ultimate in low input current. Practically, this
advantage disappears when diodes are included to protect
the gate from static charges encountered in normal han-
dling. Further, the offset voltage problems of JFETs go dou-
ble for MOS FETs. They are also subject to offset shifts due
to contamination.

Interesting designs are on the horizon for various chopper-
stabilized complementary MOS ICs. These solve most off-
set voltage problems, but not that of input leakage current.
Even at moderate temperatures, this input current will seri-
ously degrade the low offset voltage and drift even with rela-
tively low source resistances. Chopper-stabilized amplifiers
have added problems with overload recovery and noise, es-
pecially with high source impedances. These problems have
limited solutions, but chopper stabilization is not usually suit-
able for general purpose applications.

bipolar op amps

Offset voltage, its drift or long term stability has not been a
serious problem with bipolar-input op amps. Such tech-
niques as cross-coupling or zener-zap trimming have re-
duced offset voltage to 25 uV in production. The real prob-
lem has been bias current. The LM108, introduced in 1968,
has represented the state of the art in low bias currents for
standard bipolar devices. At 3 nA, maximum over tempera-
ture, the bias current is lower than FETs above 85°C.

A Darlington version of the LM108, the LM216, provided
bias currents in the 50 pA range; but this design was seri-
ously marred by high offset voltage, drift, excessive low fre-
quency noise and anomalous leakage currents at higher
temperatures.

Improvements in this design were thwarted by the inability
to provide nanoampere bleed currents to stabilize the Dar-
lington input and the erroneous belief that uncontrollable
surface states created the anomalous leakage.
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a new design

With bipolar transistors, there is a tradeoff between current
gain and breakdown voltage. Super-gain transistors are de-
vices that have been diffused for maximum current gain at
the expense of breakdown voltage (which is typically a cou-
ple volts for a current gain of 5000). These low voltage tran-
sistors can be operated in a cascode connection with stan-
dard transistors to give a composite device with both high
gain and breakdown voltage.

Figure 1 shows a modified Darlington input stage for a su-
per-gain op amp. Common base standard transistors (Q5
and Q6, drawn with a wider base) are bootstrapped to the
super-gain input transistors so that the latter are operated at
near zero collector base voltage. In addition to permitting
the use of super-gain inputs, this connection also isolates
the input transistors from common-mode variations, in-
creasing common-mode rejection.
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Figure 1. Bootstrapped input stage using super-gain
transistors in modified-Darlington connection.
The objectionable characteristics of the Dar-
lington are virtually eliminated by operating
the input transistors at a much larger current
than the base current of the transistors they
are driving.
The usual problems with the Darlington connection are
avoided by providing a bleed current that operates the input
transistors, Q1 and Q2, at a current much higher than the
base current of the transistors they are driving, Q3 and Q4.
This is necessary because the base currents are not that
well matched, especially over temperature, and have ex-
cess low frequency noise.

a nanoampere current source

A circuit that generates the 50 nA bleed current is shown in
Figure 2. A super-gain transistor operated in the forward
mode is used to bias a standard transistor in the reverse
mode. The reverse connection is used because the capaci-
tance of an ordinary collector tub would reduce the com-
mon-mode slew rate from 2 V/us to 0.02 V/pus.
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Figure 2. Forming a nanoampere current source with
low parasitic capacitance. Design takes ad-
vantage of predictable Vgg difference be-
tween standard and super-gain transistors
and fact that Vgg of a transistor is the same
when operated in forward or reverse mode.

At first look, this biasing scheme would seem to be subject
to a number of process variations. This is not so. For one,
the Vg of a transistor depends on the base Gummel num-
ber (Qg/pg), the number of majority carriers per unit area
divided by their effective mobility. Since the Gummel num-
ber and the effective area are unchanged when the collec-
tor and emitter are interchanged, the Vgg will be the same in
either connection, provided that base recombination is not
excessive. In standard IC transistors, reverse h¢ is about
30, indicating that recombination is not a significant factor.
Measured reverse hse is much lower, but this is the result of
a parasitic PNP that does not affect Vgg or ag, the common
base current gain.

The bleed current depends also on the ratio of super-gain to
standard transistor h¢e, as indicated by the equation in Fig-
ure 2. Intuition suggests that super-gain hge will increase
much faster than standard transistor hgg with increasing
emitter diffusion time, giving lower bleed current with higher
super-gain h¢e. However, measurements with variances of
standard LM108 processing indicate that the bleed current
remains within 25% of design center.

As shown in Figure 2, higher current ratios can be obtained
by increasing the area of Q1 relative to Q2 or by including
R1. The equation in Figure 2 assumes that |4 varies as ab-
solute temperature. If the voltage drop across R1 is equal to
kT/q, changes in the Vg of Q1 with small changes in |4 will
be cancelled by changes in the voltage drop across R1.
This makes input bias current essentially unaffected by vari-
ations in supply or common-mode voltage as long as |1 is
reasonably well controlled.




leakage currents

The input leakage currents of bipolar op amps can be kept
under control because small geometry devices are satisfac-
tory and because the collector-base junction can be operat-
ed at an arbitrarily low voltage if bootstrapping is used.

Simple theory predicts that bulk leakage saturates for re-
verse biases above 2kT/q. But generation in the depletion
zone dominates below 125°C. Because the depletion width
varies with reverse bias, so does leakage. The characteris-
tics of a high quality junction plotted in Figure 3 show that
leakage current can be reduced with lower bias.
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Figure 3. Voltage sensitivity of collector base leakage
indicates that generation in the depletion zone
dominates even at 125°C.

When more than one junction is involved, minimum leakage
is not necessarily obtained for zero bias. This is illustrated in
Figure 4, a plot of Icgo for a junction isolated NPN transis-
tor. A parasitic PNP is formed between the base and the
isolation as diagrammed in the inset. Zero leakage is ob-
tained when Vg is set so that the PNP diffusion current
equals Iggp of the NPN.
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Figure 4. Plot above explains ‘“anomalous” leakage of
NPN transistors in ICs. As collector base bias
is reduced, base current reverses then in-
creases exponentially. This excess current is
the forward diffusion current of parasitic PNP

to substrate (see inset).

input protection

The input clamps perform a dual function. Most important,
they protect the emitter base junction of the input transistors
from damage by in-circuit overloads or static charges in
handling. Secondly, they limit the voltage change across

junction capacitances on low current nodes under transient
conditions. This minimizes recovery delays.

The clamp circuitry is shown in Figure 5. Emitters are added
on the input transistors and cross-coupled to limit the differ-
ential input voltage. Another transistor, Q5, has been added
to limit voltage on the input transistors if the inputs are driv-
en below V™.

OUTPUT

iﬂi uA
ol
— o
o
INPUT a3
L
60 nA
02
L
- [
L
|i_l 60nA
05 ¢ I‘ a6
3 lﬂ]uA

TL/H/8722-5

Figure 5. Separate clamps are used for differential and
common-mode overloads. Leakage currents,
Ices of forward and reverse connected tran-
sistors, cancel.

The differential clamp transitors do contribute to input cur-
rent because Vgg > 0, so collector current is not zero for
VBe = 0 (Ices = 100 pA at 125°C). The common-mode
input clamp, Q5, is also operated at Vgg = 0 and Vgg > 0,
although in the inverted mode. The resulting error is diffu-
sion current, dependent only on the characteristic Vgg of
the transistors. Thus, the current contributed by the differen-
tial clamp transistors is cancelled, within a couple percent,
by that from the common-mode clamp.

bias current

Figure 6 shows some results of the design approach de-
scribed here. A room temperature bias current of 25 pA is
obtained, and this his held to 60 pA over a —55°C to 125°C
temperature range. The figure also shows the results of
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Figure 6. Input bias current of the LM11 remains low
over military temperature range. Improve-
ments in development give even better results
(074B). Offset current is usually below 1 pA.




some improvements in development that have reduced bias
current to 20 pA over the full operating temperature range.

Figure 6 shows that bias current is very nearly a linear func-
tion of temperature, at least from —55°C to +100°C. This,
coupled with the fact that bias current is virtually unaffected
by changes in common-mode or supply voltage, suggests
that bias current compensation can be provided for critical
applications. An appropriate circuit is shown in Figure 7. De-
tails are given in reference [2], but properly set up it should
be possible to hold bias currents to less than 20 pA over a
—55°C to +100°C temperature range or 5 pA over a 15°C
to 55°C range with a simple room temperature adjustment.
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Figure 7. Bias current of LM11 varies linearly with tem-
perature so it can be effectively compensated
with this circuit. Bias currents less than 5 pA
over 15°C to 55°C range or 20 pA over —55°C
to +100°C are practical.

noise
The broadband noise of a bipolar transistor is given by

en = KTV2Af/qlc . (1)
Therefore, operating the input transistors at low collector
current does increase noise. Because the noise of most op
amps is greater than the theoretical noise voltage of the
input transistors, the noise increase from low current input
buffers is not as great as might be expected. In addition,
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Figure 8. Increased noise of LM11 is consequence of
low collector current in input transistors. But
in high impedance applications, op amp noise
is masked by the thermal noise of source re-
sistance given above.

when operating from higher source resistances, op amp
noise is obscured by resistor noise, as shown in Figure 8.

Low frequency noise is not as easily accounted for as
broadband noise, but lower operating currents increase
noise in much the same fashion. The low frequency noise of
the LM11, shown in Figure 9, is a bit less than FETs but
greater than that of the LM108 when it is operated from
source resistances less than 500 k.
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Figure 9. Low frequency noise of LM11 is high com-
pared to other bipolar devices but somewhat
less than FETSs. It is equal to LM108 operating
from 500 k() source resistances.

complete circuit

A schematic diagram of an IC op amp using the techniques
described is shown in Figure 10. Other than the input stage,
the circuitry is much like the LM112, a compensated version
of the LM108 that includes offset balancing.

One significant change has been the inclusion of wafer level
trimming for offset voltage. This is done using zener-zap
trimming across portions of the input stage collector load
resistors, R4 and R5. This kind of zener is simply the emitter
base junction of an NPN transistor. When pulsed with a
large reverse current at wafer sort, the junction is destroyed
by the formation of a low resistance filament between the
emitter and base contact beneath the protective oxide. This
shorts out a portion of the collector load resistor. The pro-
cess is repeated on binary weighted segments until the off-
set voltage has been minimized.

Offset voltage of the LM11 is conservatively specified at
300 wV. Although low enough for most applications, offset
voltage trimming is provided for fine adjustment. Balance
range is determined by the resistance of the balance poten-
tiometer, varying from +5 mV at 100 k2 to £400 uV at
1 kQ. Incidentally, when nulling offset voltages of 300 uV,
the thermal matching of balance-pot resistance to the inter-
nal resistors is not a significant factor.

The actual balancing is done on the emitters of lateral PNP
transistors, Q9 and Q10, that imbalance the collector loads
of the input stage. This particular arrangement was used so
that no damage would result from accidental connection of
the balance pins to voltages outside either supply. Not obvi-
ous is that a balance pin voltage 15V more negative than
vt can effectively short these PNP transistors with a paral-
lel P-channel MOS transistor, forcing the output to one limit
or another.
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Figure 10. Complete schematic of the LM11. Except for the input stage, circuit is much like the LM112, a compen-
sated version of the LM108 that includes offset balancing.

Although the LM11 is specified to a lower voltage than the
LM108, the minimum common-mode voltage is a diode drop
further from V" because the bleed current generator, Q12
and Q13, has been added.

Proceeding from the input stage, the second stage amplifier
is a differential pair of lateral PNPs, Q7 and Q8. These feed
a current mirror, Q25 and Q26, which drive a super-gain
follower, Q27. The collector base voltage of Q26 is kept
near zero by including Q28. The current mirror is boot-
strapped to the output so that second stage gain error de-
pends only on how well Q7 and Q8 match with changes in
output voltage. This gives a gain of 120 dB in a two stage
amplifier. Frequency compensation is provided by MOS ca-
pacitor C1.

The output stage is a complementary class-B design with
current limiting. Biasing has been altered so that the guaran-
teed output current is twice the LM108. A zener diode, D1,
limits output voltage swing to prevent stressing the MOS
capacitor to the point of catastrophic failure in the event of
gross supply transients.

The main bias current generator design (Q20-Q23) is due
to Dobkin [3]. It is powered by Q19, a collector FET. The
circuit is auto-compensated so that output current of Q14
and Q21 varies as absolute temperature and changes by
less than 1% for a 100:1 shift in Q19 current.
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speed

With a unity gain bandwidth of 500 kHz and a 0.3 V/us slew
rate the LM11 is not fast. But it is no slower than might be
expected for a supply current of only 300 nA.

If the precision of the LM11 is required along with greater
speed, the circuit in Figure 11 might be used. Here, the
LM11 senses input voltage and makes appropriate adjust-
ments to the balance terminals of a fast FET amplifier. The
main signal path is through the fast amplifier.
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Figure 11. The LM11 can zero offset of fast FET op amp
in either inverting or non-inverting configura-
tions. Speed is that of fast amplifier. FET am-
plifier can be capacitively coupled to critical
input to eliminate its leakage current.

Surprisingly, this connection will work even as a voltage fol-
lower. The common-mode slew recovery of the LM11 is
about 10 us to 1 mV, even for 30V excursions. This was
accomplished by minimizing or bootstrapping stray capaci-
tances and providing clamping to limit the voltage excursion
across the strays.

When bias current is an important consideration, it will be

advisable to ac couple the FET op amp to the critical input.

Reference [2] discusses this and other practical aspects of

fast operation with the LM11.

LIFE SUPPORT POLICY

conclusions

A new IC op amp has been described that can not only
increase the performance of existing equipment but also
creates new design possibilities. Op amp error has been
reduced to the point where other problems can dominate.
Many of the practical difficulties encountered in high imped-
ance circuitry are discussed in reference [4] along with solu-
tions. A number of tested designs using these techniques
are given in reference [2].

The LM11 is not the result of any breakthrough in process-
ing technology. It is simply a modification of ICs that have
been in volume production for over 10 years. The improve-
ments have resulted primarily from an understanding of
strange behavior observed on the earlier ICs and taking ad-
vantage of certain inherent characteristics of bipolar transis-
tors that were not fully appreciated.

As users of the LM11 may have discovered, the offset volt-
age and bias current specifications are quite conservative. It
seems possible to offer 50 uV offset voltage and perhaps
1 nV/°C drift even on low cost parts. Taking full advantage
of 5 pA bias current would require guarded 10-pin TO-5
packages or 14-pin DIP packages. Further, the feasibility of
reducing low frequency noise to 2 uV and 0.1 pA, peak to
peak, has been demonstrated on prototype parts.
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